Heavy trucks are mostly used for international transportations, with longer highways and long driving hours contributing to corresponding increases in the driver's fatigue that is related to accidents. Therefore, this study aims to improve the truck ride performance using multistage leaf springs and semi-active suspension for the driver seat. This analytical study describes the influence of the truck main suspensions on the performance indices analytically using MATLAB Simulink for different loading conditions in three case studies: fully laden articulated truck (case A), unladen truck (case B), and empty semi-trailer and a multistage leaf springs is considered after designing the main leaf spring stiffness based on particle swarm optimization (case C). This study exhibits a contribution based on the fact that changing the trailer cargo weight has considerable effects on the natural frequency of the vibration modes of the vehicle system, particularly for articulated carriage. Subsequently, the influence of the dynamic interaction of an articulated vehicle between the semitrailer and the tractor on its ride behavior has been investigated. The model has also predicted the effect of total trailer cargo on performance indices for 13 degrees of freedom model of a 6-axle articulated truck semi-trailer vehicle with a random road excitation. Additionally, a semi-active driver seat suspension based on skyhook strategy and seat passive suspension are compared in terms of the power spectral density and root mean square values. The results showed that the truck ride performance is improved significantly, and all the acceleration responses are suppressed dramatically when a designed multistage leaf spring suspension is considered in case C. The current analysis demonstrated that using specific and adjustable suspension parameters can positively enhance the riding behavior of the unladen vehicle. The results showed that the cab, tractor, and trailer acceleration improved by 22%, 21%, and 28%, respectively, which provides a comfort driving trip essentially for long distance traveling.
Introduction
When designing or selecting a suspension system depending on several concepts such as vehicle type and total cargo, most importantly, minimizing acceleration, suspension deflection, and tyre deflection is the target. Convenient design of heavy trucks has a vital part in improving the ride comfort of the driver and also improving the performance of the truck, cabin, and tractor acceleration. Additionally, there are other performance criteria considered during the design. The implementation of a comprehensive vibration analysis related to heavy goods vehicles has generated a significant amount of interest among the vehicle design researchers. Thus, several parameters should be taken into consideration for designing the trucks suspension systems in order to provide more comfort for the truck driver as indicated in studies. [1] [2] [3] [4] [5] [6] [7] Clearly, the suspension systems are categorized into three major types called passive, semi-active, and active suspension system. In contrast to the active and semi-active systems, the passive suspension has limitations with respect to the adaptation with the road conditions, which means that the suspension can only be designed to be either soft or hard. Although the active suspension considered a smart system that provides variable suspension requirements, actuator force instead of spring and damper, it has not been used on a large scale because of its cost and complexity of the control systems. Consequently, the semi-active suspension is developed that provides an intermediate performance between fully active suspension and passive suspension systems. In a semi-active suspension, spring of passive suspension system is retained, while damping force can be adjusted according to the operating conditions. Different control schemes of the semi-active system have been presented theoretically and experimentally in Patil and Wani, 8 Rasal et al., 9 Bhangal and Raj, 10 Qazi et al., 11 and Levesley et al. 12 Ibrahim et al. 3 carried out a theoretical study in which a multi-body model of a 4-axle tractorsemitrailer vehicle with flexible frames was used to investigate the effect of the dynamic interaction between tractor and semitrailer on the ride behavior of heavy good vehicles. A multistage leaf spring and switchable damper were considered as the main suspension component of the presented model. It was observed from the results that reducing the value of the vehicle springs stiffness and damping coefficient in the case of unladen vehicle led to the suppression of the acceleration levels of the tractor-semitrailer component. While Oueslati and Sankar 1 proposed 9-degrees-of-freedom model of the articulated vehicle. Thus, they evaluated the effect of the suspension components on the truck semi-trailer ride and handling performance. Additionally, they used the covariance analysis technique to detect the optimal suspension parameters of an articulated freight vehicle that provides an acceptable ride and handling behavior.
Guang and Shuo 13 used a half truck model with active cab suspension system considering the linear quadratic Gaussian (LQG), and also an optimal control strategy was used for the active cab suspension for optimizing the control study. The results showed that the root mean square (RMS) of the cab vertical acceleration and pitch acceleration could be improved using the LQG strategy. Also, in 2014, Soliman et al.
14 introduced a full truck modeling in order to study the truck ride behavior of a passive suspension compared to an active suspension system applied on the cab suspension. Furthermore, they presented the influence of the suspension elements, tyre stiffness, and other parameters on the ride performance. As a result of the use of the active suspension system based on gain scheduling strategy, the ride behavior showed preferable improvements over the passive system.
Of late, more attention is paid to the influence of the driver seat suspension on the driver ride behavior and the development of different sear suspension systems can be found in various studies. [15] [16] [17] [18] [19] [20] In this study, the dynamic ride behavior of a truck semi-trailer vehicle in terms of the power spectral density (PSD) and RMS values are investigated and the influence of the truck suspension elements on the ride comfort and road holding is presented. This paper will use a 13-degrees-of-freedom dynamic model of an articulated truck with multistage leaf springs. PSO optimization methodology is presented for the purpose of detecting the optimal values of the main leaf spring stiffness. Also, the results obtained by the comparison of the seat semi-active suspension with the passive seat suspension are discussed in this study.
Truck semi-trailer suspension model (theory and governing equations)

Suspension model description
The truck model shown in Figure 1 has 13 degrees-offreedom, six degrees for body bounce and pitch acceleration represented by tractor, trailer, and cabin in addition to the seat bounce acceleration and 6-wheel axle bounces. The tractor has three axles with leaf springs, namely, the front steer axle, the first driver axle, and the second driver axle. Based on the truck type (articulated truck semi-trailer), the front of the semi-trailer is attached to the rear of the tractor through the fifth wheel connection. The cabin is mounted on the tractor frame through two passive suspension systems each of which contains a linear spring in parallel to a viscous damper. The combined frames of the tractor and the semitrailer are attached to the vehicle axles through six suspension systems constructed from springs in parallel with dampers, while vehicle tyres are modeled as linear springs in parallel to the viscous dampers.
Truck semi-trailer suspension model is shown schematically in Figure 1 . M w1 , M w2 , and M w3 are the wheel masses of the tractor axles, respectively. While M w4 , M w5 , and M w6 are the wheel masses of the attached trailer axles, respectively. M s , M c , M t , and M tlr are the masses of the driver seat, cab body, tractor body, and trailer body, respectively. Additionally, the cab, tractor, and trailer have a mass moment of inertia, about the pitch axis, of I c , I t , and I tlr , respectively. X s is the vertical body displacement of the seat.
c , t , and tlr are pitch response of the cab, tractor, and trailer, respectively. All variables and symbols have been defined in the notation.
Equations of motion
The equations of motion of the articulated vehicle system including vertical and pitch accelerations have been derived and formulated to study comprehensively the ride performance. It has been considered that the trailer load is securely fastened in which there is no considerable displacement for the trailer cargo taken into account the equations of motion. Another consideration is that the model does not apply to the liquid loads in tankers, as sloshing and fluid-structure interactions are not taken into account. All variables have been defined in notation section. The truck tyres are simply represented by a linear spring and the damping of the tyre is considered as well. This is a very basic representation of the tyres. Practically, vehicle ride combined with tyre characteristics alter the vehicle bounce and particularly the pitch dynamics. 21 In this paper, a very basic tyre behavior is assumed.
First of all, the equations of motion for tractor vertical and pitch motions can be written as follows where
Third, the equations of motion for cab body vertical and pitch motions can be written as follows
where
Fourth, the equations of motion for seat vertical motion can be written as follows
Fifth, the equations of motion for steering axle and drive axles for the tractor can be written as follows
And finally, the equations of motion for semitrailer axles can be written as follows
Simulation and truck parameters
The presented equations of motion are used for implementing a MATLAB/SIMULINK model in order to evaluate the performance of the articulated truck semitrailer model as well as to study the influence of truck suspension stiffness and damping on the ride comfort.
In accordance with a previous investigation by Mavros et al., 22 a study was carried out on the development of a vehicle tyre model for the convenience of emulating the transient handling maneuvers with a possibility to be used for simulating transient maneuvers considering the control systems such as anti-lock braking systems and traction control systems. This simulation has been undertaken mainly to figure out the main truck ride performance considering the vertical and pitch acceleration and not to investigate and maintain the real representation of the tyre modeling while it is recommended as a future investigation to consider the nonlinearity of the suspension and implement an extensive tyre model. As the first stage of this study, the influence of the truck semi-trailer suspension on the performance indices is presented. Secondly, three cases have been considered for analyzing the effect of using multistage leaf springs. Clearly, when the trailer cargo is removed the acceleration levels of all truck components are significantly increased. In this analytical study, reducing the spring stiffness could be achieved by using multistage leaf springs in order to suppress the acceleration levels and suspension deflection.
For the simulation of the truck semi-trailer suspension, the following cases are studied in order to investigate the effect of trailer cargo and design a multistage leaf spring:
Case A: In this case, the truck model is simulated as a fully laden articulated truck; trailer with cargo of 15 tons, using certain vehicle parameters. Case B: In this case, the truck model is simulated as an empty semitrailer; trailer without cargo, using the same vehicle parameters in case A. Case C: In this case, the truck model is simulated as an empty semitrailer and a multistage leaf springs is considered after designing the main leaf spring stiffness using the PSO.
The RMS values of the output are calculated for the proposed study cases and thus, the truck semitrailer ride comfort is evaluated in terms of the bounce body acceleration of the seat, cabin, tractor and trailer as well as pitch acceleration for cab, tractor, and trailer.
Truck semi-trailer parameters
The articulated truck model parameters used for this study are listed in Table 1 . These parameters represent a large articulated truck semi-trailer vehicle where the trailer load is securely fastened. In this investigation, the truck model parameters have been selected based upon the previous investigations, 1, 3, 23 and such heavy truck parameters are effective and approximated the real truck parameters taking into account some of the assumptions mentioned in the ''Equations of motion'' section.
Performance criteria
For the evaluation of the truck dynamics behavior, three important categories are considered. The following performance indices represented the truck ride comfort and road holding performance.
.
Discomfort
This performance is presented as the RMS values of the body bounce vertical acceleration of the seat, cabin, tractor, and semitrailer. Also, the RMS value of the body pitch acceleration is important while analyzing the ride comfort.
. Suspension deflection This is calculated as the RMS values of the relevant distance between the body mass and the wheel mass. .
Dynamic tyre load
This term is calculated as the RMS of the relevant displacement between the wheel mass and the road input multiplied by the tyre stiffness.
Road profile
The truck model is simulated on a random road profile as shown in Figure 2 at a truck speed of 20 m/s. While Figure 3 presents the tractor and trailer axles input based on its span and vehicle speed. The road surface has been represented in terms of road profile length equal to 400 m. The random road surface 
where G is the road roughness coefficient, V is the vehicle speed in m/s, f is the road frequency, and p is the constant.
Design of the main leaf spring stiffness using PSO
Particle swarm optimization was introduced in 1995 by Kennedy and Eberhart. 25 Basically, it is one of the computation techniques probably used to detect the optimum solutions based on the population of random solutions called particles. PSO is a relatively simple technique which has good convergence rate and is able to find reasonable solutions with avoidance of local minima. 26 It is clearly observed that the desired solution of the problem is formed as an objective function, which should be minimized or maximized using PSO. Otherwise, the unknown parameters are called particles, which can be moved between upper and lower limits randomly. 
where v ðjÞ p is the velocity of the particle p at the generation j. w is the non-negative inertia weight, c 1 and c 2 are acceleration coefficients, rand 1 and rand 2 are random numbers between 0 and 1.
According to the leaf spring construction as in Figure 4 , the leaf spring consists of two sets of leaves called main leaf spring and auxiliary leaf spring. In the case of the laden truck, the auxiliary leaf spring stiffness is activated. When the cargo is removed, the auxiliary leaf spring stiffness is deactivated. This means that in the case of laden truck, the effective spring stiffness is the summation of the main spring stiffness and auxiliary spring stiffness. While in the case of the unladen truck, the main leaf spring is considered as the effective spring. For the purpose of making the truck more comfortable, PSO is used so that the optimal main spring stiffness could be detected. While the optimization problem is formulated as shown in Figure 5 , the objective function is focused on suppressing the discomfort criteria representing all bounce acceleration bodies. Table 2 shows the upper and the lower limits of the selected parameters. Table 3 shows the PSO parameters that are used within the optimization algorithm representing swarm size, maximum Iteration, and tolerance function. Therefore, the optimization problem, which determines the main leaf spring parameters, is defined as To be defined
To be minimized 
Driver seat semi-active damper
The principle of skyhook strategy is to suppress the vibrations of the sprung mass, isolating the sprung mass, by connecting a damper between the sprung mass and a fixed point in the space. Practically, a condition equivalent damper is considered as the suspension damping element. In the present paper, the main target of using skyhook control strategy with the driver seat damper is to suppress the RMS value of the acceleration of the truck driver seat. Simply, the skyhook control is considered as an on/off control strategy where the damping value is switched during simulation between the two desired damping values. Figure 6 presents the truck seat semi-active suspension model based on skyhook control strategy. Basically, based on the product of seat velocity and the relative velocity between the seat body and the truck cabin body, the damping value is selected as presented in equation (23) . In this control strategy, as in Figure 7 , the target is to change the damping coefficient of the truck seat semi-active damper according to the seat body velocity _ X s and the seat suspension deflection velocity ð _ X s À _ X cs Þ. 28 If this product is positive or zero, the damping coefficient is set to be its maximum value otherwise the damper coefficient is set to be its minimum value. This control law can be summarized as
where C s is the driver seat damping confident and _ X s is the corresponding velocity of the seat suspension. C min and C max are respectively the desired minimum and maximum values of the seat damping. _ X cs is the relative velocity between the seat and the truck cab floor.
Results and discussion
In the present paper, the results obtained from the simulation are generated in terms of the RMS values, and in frequency domain as PSDs to evaluate the truck ride comfort and road holding. Also, the simulation results have been compared when the trailer is fully loaded against empty case with and without multistage leaf spring suspension. Thus, the ride comfort improvement over passive seat suspension is presented. 
Effect of truck semi-trailer main suspension on the ride performance
The influence of the truck semi-trailer main suspension, suspension stiffness coefficient, and damping coefficient on the performance indices is discussed. Each component of the truck main suspension is evaluated separately and thus, the results are presented graphically as a mesh grid graphs between spring stiffness and damping coefficient against the truck performance indices. Figures 8(a), 8(b) , 9(a), 9(b), 10(a), and 10(b) present the influences of varying tractor suspension parameters and tractor's axles main suspension on the tractor bounce and pitch accelerations. Clearly, it can be seen from these figures that when a soft suspension is applied individually on each of the tractor's axles suspension, the tractor bounce and pitch accelerations is considerably improved. Nevertheless, for a desired suspension stiffness, a required damping coefficient combined with the soft stiffness will generate the best ride performance. An important observation from the results corresponding to the first tractor axle's suspension, shown in Figure 8(a) , is that the suspension of the tractor drive axle affects the tractor bounce acceleration considerably by comparing the suspension of the second and the third tractor axles. Thus, selecting suitable suspension parameters for the tractor drive axle considering the suspension parameters for the other tractor axles will improve the tractor comfort representing the pitch and body acceleration.
On the other hand, a heavily damped suspension is desired to suppress the suspension deflections as clarified in Figures 11(a), 11(b), 12(a), 12(b), 13(a) and  13(b) . The performance indices corresponding to the specific stiffness and damping value can be determined and recorded as illustrated in Figure 25 in the Appendix in terms of the RMS values. Also, it can be observed from the previous figures that at high damping coefficient, the effect of varying suspension stiffnesses on the road handling performance, representing the suspension deflections and dynamic tyre loads, is declined, whereas at low damping values, varying spring stiffnesses significantly affects the handling performance. As is previously stated for the influence of the first drive axle, also DTL and SWS for the suspension elements of the first tractor drive axle differ relatively with the same performance of the second and third tractor axles suspension as shown in Figure 11 It is clear that there are design and operational restrictions for selecting and obtaining the suspension system parameters, which may interfere with the desired and the required performance. Thus, while designing any suspension system, there are many considerations to be taken such as suspension configuration, type, and parameters value.
Effect of trailer cargo on the truck ride performance
Upon detection of the optimal main leaf spring stiffness using PSO technique depending on the improvement of the ride performance, the results of cases A, B, and C are investigated. Table 4 summarizes the truck semi-trailer ride performance in terms of RMS values in the proposed three cases. Clearly, it can be seen that the whole acceleration responses are considerably increased when the trailer cargo is removed. It can be observed that better ride and road holding performance can be obtained using a multistage leaf spring as a main truck suspension. Also, it can be seen that decreasing the stiffness causes a decline in the seat, cab, tractor, and trailer bounce and pitch acceleration PSDs as in case C (Figures 17 to 20) .
According to PSD, Figures 17, 18 , 19, and 20 show the ride performance of the tractor, cab, seat, and trailer compared to case A, case B, and case C. Obviously, the PSD curves conclude that the ride performance of the designed suspension system employed in case C, the optimum multistage passive suspension system, is significantly better than that of the truck semi-trailer passive suspension system.
A comparison of the proposed truck semi-trailer suspension cases expressed in terms of body and pitch acceleration, suspension deflection, and dynamic tyre load is presented in Figures 21, 22 Figure 20) . Furthermore, a significant improvement in the seat vertical acceleration is obtained when case C is considered compared to case B due to the semi-active switchable damper based on sky hook strategy. Figure 22 illustrates the improvement in dynamic tyre load for tractor and trailer axles. Clearly, it can be observed that the DTL property is considerably improved. The range of these percentages is 38.73%, 15.68%, and 31.73% corresponding to first, second, and third tractor axles, respectively, while the improvement for the trailer axles is 14.8%, 10.14%, and 24.24%, respectively. It is considered that these improvement ratios depend on speed, road roughness coefficients, and suspension system time delay.
The results obtained from the comparison (Figure 23 ) indicate that the suspension deflection, SWS, of the tractor is improved by 32.74%, 30.68%, and 5% for the first, second, and third tractor axles, respectively, whereas in the case of trailer only the third trailer axle suspension working space is suppressed by 7%. In contrast, the suspension deflection of the first and second trailer axle increased by 16% and 13%, respectively. This negative impact is because of the removal of the trailer cargo, which led to a decrease in the damping of the road excitation caused in the full laden case.
Ride performance of passive and semi-active seat suspension systems A comparison of the driver seat semi-active suspension and passive systems in both cases A and C in terms of seat body acceleration is presented in Figure 24 . It can be seen clearly that the seat body acceleration has been decreased by 32% approximately over the passive in the case of fully laden truck. While, in the case of unladen truck, the driver seat vertical acceleration was improved by 23% compared to the passive seat system as the variation in the damping force between the designed maximum and minimum values.
Conclusions and prospects
In this paper, the ride performance and the road holding performance of an articulated truck semi-trailer model with 13-degrees-of-freedom half truck model are studied using the random road profile. Then the performance indices are formulated and each of its components is determined separately. Furthermore, the effect of truck suspension parameters on the truck performance indices is investigated. Removing the trailer cargo, considerable increase in the truck component accelerations resulted that corresponds to case B. While, when the designed the main leaf springs stiffness is considered, significant improvements in the ride quality are achieved for tractor (21%), trailer (28%), and cab (22%) as well. On the other hand, only the suspension deflection corresponding to the first and the second trailer axle considering case C are increased by 16% and 13% respectively compared with case B. Moreover, the tractor and trailer dynamic loads also showed an improvement corresponding to case C. Finally, the obtained results have indicated the benefits of the semi-active sky hook for the driver seat and it is worth mentioning that the semi-active system is more applicable and cheaper with acceptable improvements over the active suspension system. Practically, based on the observed results, the modulation in the suspension stiffness can be accomplished using an adjustable air suspension systems or conventional multi-stage leaf springs in which the static suspension deflections in the case of unladen truck should be kept similar to those of the laden condition. Considering a reliable control system, the suspension stiffness can be adjustable in accordance with the percent of truck cargo weight.
Further research should be conducted considering the nonlinearity of the suspension components and the trailer cargo should be considered as a floating load suspended with an extra chassis suspension. In addition, the truck model should be upgraded to be a full model for the purpose of reliable understanding of the articulated vehicle's dynamics including the longitudinal and lateral dynamics. Finally, a regenerative energy damper will be attached to investigate the harvestable power from an articulated tractor semi-trailer.
